The distribution of heat shock protein hsp70 mRNA after 10 min of middle cerebral artery (MCA) oc clusion was investigated through in situ hybridization in transgenic (Tg) mice overexpressing CuZn-superoxide dismutase (CuZn-SOD) and in control nontransgenic (nTg) littermates. In the ischemic cortex of nTg mice,
hsp70 mRNA was detected in the hippocampus of nTg mice only at 1 h, whereas it was detected in Tg mice at I h and continued up to 24 h, with high intensity in the CAl subfield. Despite the significant amounts of hsp70 mRNA Oxygen-derived free-radicals, superoxide in par ticular, have been proposed to be involved in the pathogenesis of cerebral ischemia/reperfusion in jury (Chan, 1989; Hall and Braughler, 1989; Kon tos, 1985; Siesj6 et aI., 1989) . A number of experi mental approaches have been used to identify the superoxide radical reactions and to ameliorate su peroxide radical production induced by cerebral in both Tg and nTg mice following ischemia, there was no observable neuronal necrosis (as assessed using hematox ylin and eosin staining) for up to 7 days. Cortical cerebral blood flow (CBF), measured by laser-Doppler flowmetry, did not differ between nTg and Tg mice during ischemia and reperfusion, despite exhibiting hyperemia following hypoperfusion. These results suggest that oxidative stress affects the expressIOn of hsp70 followmg temporary focal
IschemIa. An alteration in oxidation stress, which re suited from reduced levels of superoxlde radicals in the presence of the CuZn-SOD transgenes, may permIt the prolonged exoression of h.sp70. This prolonged expres sion of hsp70 mRNA in cortex cannot be accounted for by changes of CBF in Tg mice during ischemia and reperfu sion. Key Words: Focal brain ischemia-Heat shock pro tein-hsp70 mRNA-Oxygen free-radicals-Superoxide dis mutase-Transgenic mouse.
ischemia. Superoxide dismutase (SOD) is a specific catalyst of superoxide dismutation, and catalase and glutathione peroxidase catalyze the hydrolysis of the resulting hydrogen peroxide and of lipid per oxides (Freeman and Crapo, 1982) . Liu et a1. (1989) have demonstrated that polyethylene glycol (PEG) conjugated SOD and PEG-catalase reduce the ex tent of cerebral cortical infarction following focal cerebral ischemia, and liposome-entrapped CuZn SOD ameliorates the severity of both ischemic and traumatic brain injury (Chan et aI., 1987; Imaizumi et aI., 1990) . Moreover, we have observed the pro tective effects of increased endogenous CuZn-SOD against brain injury induced by trauma and focal ischemia in transgenic mice expressing· human CuZn-SOD transgenes (Chan et aI., 1991; Kinouchi et aI., 199 1) . Taken together, these reports suggest that superoxide radicals, at least in part, play an important role in the pathogenesis of ischemic brain injury.
The highly inducible 70-kDa heat shock protein (HSP70) is one of the major stress proteins pro duced in response to a variety of brain injuries, in cluding focal and global cerebral ischemia (Chopp et aI., 199 1; Gonzalez et aI., 1989, 199 1; Ka wagoe et aI., 1992a Ka wagoe et aI., , 1992b Kiessling et aI., 1986; Kinouchi et aI., 1993; Li et aI., 1992; Nowak, 1985 Nowak, , 1991 Sharp et aI., 1991' ; Simon et aI., 199 1; Vass et aI., 1988; Welsh et aI., 1992) . Although the function of HSP70 is not proven, Pelham (1986) hypothesized that de natured proteins activate the hsp70 gene and that HSP70 then binds to partially denatured proteins, by an ATP-dependent mechanism, to prevent fur ther loss of the tertiary structure of these proteins. Barbe et ai. (1988) provided evidence that HSP70 plays a protective role in the CNS by showing that its preinduction in the rabbit retina by systemic hy perthermia is associated with a decrease in the sub sequent light-induced retinal injury. Similarly, re cent reports have demonstrated that sublethal isch emia sufficient to induce HSP70 protects brain cells against subsequent cerebral ischemia (Kirino et aI., 199 1; Kitagawa et aI., 199 1; Liu et aI., 1992) . These data indicate that induction of HSP70 correlates with the protection of brain cells from ischemic in jury.
It has been thought that both the free radical scavenging systems and HSP70 are intrinsic de fense mechanisms against ischemic brain injury. However, their relation to one another is unclear. The purpose of the present study was to investigate the role of oxidative stress in hsp70 expression fol lowing cerebral ischemia. For this purpose, we used transgenic mice, which overexpress CuZn-SOD ac tivity in the brain and other organs (Chan et aI., 1991; Epstein et aI., 1987) , to examine the amount and distribution of hsp70 mRNA expression follow ing transient middle cerebral artery occlusion and to test the hypothesis that oxidative stress produced during reperfusion is a factor that limits the expres sion of hsp70 mRNA in an ischemic brain.
MATERIALS AND METHODS

Transgenic mice
Heterozygous transgenic (Tg) mice of strain TgHS/SF-218-3 carrying human CuZn-SOD genes were derived from the founder stock described by Epstein et al. (1987) and were bred on a CD-l mouse background. Tg mice were identified by qualitative demonstration of human CuZn-SOD using nondenaturing gel electrophoresis fol lowed by nitroblue tetrazolium staining (Epstein et al., 1987) . There were no observable phenotypic differences between Tg mice and nontransgenic (nTg) normal litter mates.
Transient middle cerebral artery occlusion
Male Tg mice and nTg littermates (3�35 g) were sub jected to focal cerebral ischemia and reperfusion accord ing to the method of Yang et al. (1992) with minor mod ifications. Mice were anesthetized with chloral hydrate (350 mg/kg i.p.) and xylazine (4 mg/kg i.p.). The rectal temperature of the animals was maintained at 3rC with a heating pad. The left femoral artery was cannulated for measurement of mean arterial blood pressure (MABP), Pao2, Paco2, and pH during and after middle cerebral ar tery (MCA) occlusion. The left common carotid artery was exposed, and the external carotid artery and its branches were isolated and coagulated. A 5-0 monofila ment nylon suture, blunted at the tip, was introduced into the internal carotid artery through the external carotid artery stump, up to the anterior cerebral artery. After 10 min of proximal MCA occlusion, blood flow was restored by removal of the nylon suture. Sham-operated control mice underwent surgery but did not have the suture in serted.
In situ hybridization
Following 10 min of MCA occlusion, the mice were allowed to recover for 1, 2, 6, 12, 24, and 72 h, and for 7 days. At each time point, 3 nTg and 3 Tg mice were decapitated, and their brains were rapidly removed. The brains were frozen in mounting medium and stored at -70°C. Brain sections (20 f-lm) were cut on a cryostat at -20°C, collected onto precleaned slides, and processed for in situ hybridization using the method of Schalling et al. (1988) with minor modifications. The slides were hy bridized at 37°C for 18 h with 1 x 106 cpm of a 35S-labeled synthetic oligonucleotide (30-mer) probe that corre sponds to highly conserved amino acids 122-129 near the 5'-end of the human hsp70 coding sequence (Hunt and Morimoto, 1985) . This sequence has been reported to be specific for the inducible hsp70 gene (Miller et al., 1991) and has been used to show that hsp70 mRNA is not ex pressed at detectable levels in most normal rodent cells (Marini et al., 1990; Nowak and Bond, 1990) . After hy bridization, the sections were rinsed in 1 x standard sa line citrate (SSC) (150 mM sodium chloride, 15 mM so dium citrate, pH 7.4) at 52°C for 60 min with several changes of 1 x SSC, dehydrated, and exposed to Kodak SB-5 film for a week.
The areas of hsp70 mRNA expression at the dorsal hippocampal level were quantified using an image analy sis system according to the method of Swanson et al. (1990) . For recognition of the areas, optical densities of the contralateral cortex (nonischemic side) were used as the threshold values. After the hybridization experi ments, the sections were counterstained with hematoxy lin and eosin for evaluating brain cell damage. In some experiments, moreover, animals that recovered from 7 days postischemia were perfused with 10% formalin in phosphate buffer and processed with hematoxylin and eosin staining.
Measurement of cortical cerebral blood flow
Blood flow in the dorsolateral cortex was monitored in both nTg and Tg mice (n = 6 for each group) by laser Doppler flowmetry (LDF) according to the method of Dirnagl et al. (1989) with minor modifications. A LDF monitor (BPM 403A, TSI, St. Paul, MN, U.S.A.) was equipped with a small caliber probe of 0.7 mm diameter. Because either removing the skull or keeping it intact produced no differences in the LDF readings in pilot ex periments, the probe was placed on the intact skull over the ischemic cortex (3.5 mm lateral from the bregma). Steady-state baseline values were recorded before MeA occlusion, and cortical blood flow during and after occlu sion was expressed as a percentage of the baseline value.
RESULTS
Physiologic data
All mice survived the 10 minutes of transient McA occlusion. There were no significant differ ences in blood pressure, blood gas measurements, and pH between nTg and Tg mice during and after MCA occlusion (Table 1) .
Distribution of hspJO mRNA by in situ hybridization
The distribution of hspJO mRNA in the postisch emic brains of nTg and Tg mice was assessed at dorsal hippocampal and caudate levels (Fig. 1) . The data are summarized in Table 2 . There was no ob servable expression of hspJO mRNA in sham operated nTg and Tg mice. However, in the post ischemic dorsolateral cortex of nTg mice, expres sion of hspJO mRNA was detected at 1 h after reperfusion and was observed for up to 6 h. By contrast, it was still detectable at the cortical sur face even at 24 h in Tg mice. In the caudate puta men, hspJO mRNA expression appeared at 1 h and continued for up to 6 h in both nTg and Tg mice. Although expression in the thalamus was detected only at 1 h in nTg mice, it was observed at 1, 2, and 6 h in Tg mice. In the hippocampus, nTg mice showed expression only at 1 h, whereas Tg mice demonstrated it at 1 to 24 h, with the greatest ex pression occurring in the CAl subfield. There was no detectable expression of hspJO mRNA in either nTg or Tg mice at 0 h, just before reperfusion, or at 72 h and 7 days postreperfusion.
The total area of hspJO mRNA in the brains of nTg and Tg mice following 1 to 24 h reperfusion is shown in Fig. 2 . A high level of hspJO mRNA was expressed in the brain of Tg mice at 2, 6, 12, and 24 h. An increased expression of hspJO mRNA in hip pocampus ( Fig. 3C ) and thalamus (Fig. 3D ) ac counted for the high level of total expression ob served in Tg mice at 2 and 6 h, whereas the in creased expression in cortex (Fig. 3A) and hippocampus (Fig. 3C ) accounted for the increases at 12 and 24 h postischemia.
Hematoxylin and eosin staining of the frozen brain sections at 7 days did not reveal any cell dam age in the brains of either nTg or Tg mice (Fig. 4) . In a separate series of experiments, sections from per fused brains were also examined with hematoxylin and eosin staining. There were no observable neu ronal damage in the brain regions under examina tion including hippocampal CAl and cerebral cor tex, the areas vulnerable to ischemic injury (data not shown).
Cortical cerebral blood flow
As is shown in Fig. 5 , laser-Doppler flowmetry revealed a sudden drop to �20% of the baseline value in cortical blood flow following MCA occlu sion in both nTg and Tg mice. Release of occlusion resulted in a reactive hyperemia with a peak at 15-20 min, followed by a marked hypoperfusion by 30-40 min after reperfusion. Cortical blood flow grad ually increased thereafter. There were no signifi cant differences between nTg and Tg mice in cortical blood flow at all time points up to 90 min after reperfusion. Although it has been observed in many instances, the significance of the prolonged expression of hspJO mRNA associated with neuronal cell survival and death following focal transient ischemia is not well understood. Welsh et al. (1992) found that hspJO mRNA persists in the ischemic core of the neocortex following a combination of transient (1 h) bilateral carotid artery occlusion and permanent MCA occlusion in rats. These authors speculated that expression of hspJO mRNA is prolonged in re gions undergoing injury and is transient in the sur rounding regions that recover, despite the lack of examination of histopathologic outcome. On the contrary, Kawagoe et al. (1992a) showed that hspJO mRNA induction following 30 min of MCA occlu sion was more prolonged in the cortex (where little cell damage occurred at 7 days after transient focal ischemia) than in the caudate putamen (where there was a great deal of damage). These findings suggest that regions with prolonged hsp70 mRNA expres sion are more likely to survive than regions without it. Using a similar transient focal ischemic model in the rat, we have shown that the duration of hsp70 mRNA signals are more prolonged in the cortex than in the striatum following 60 min of MeA oc clusion with a nylon suture (Kinouchi et aI., 1993) .
In this study, the cortex suffered less neuronal dam age than the striatum. However, small infarcted ar eas were observed in the cortex, even though a pro longed hsp70 mRNA expression was observed.in the same areas. Therefore, although it is possible for neurons showing prolonged expression of hsp 70 mRNA to survive, they do not always do so. Fur- ther studies are necessary in order to fully under stand the significance of prolonged expression of hsp70 mRNA with regard to the ultimate neuronal survival.
The present results demonstrate that prolonged expression of hsp70 mRNA did not occur in the control nTg mice following 10 min of focal cerebral ischemia. In addition, histopathologic studies did not show any neuronal cell damage in the ischemic region of either nTg or Tg mice at 7 days postisch emia. Nevertheless, a more extended period of ex pression of hsp70 mRNA was shown in the ipsilat eral hippocampus, cortical surface, and thalamus in the Tg mice than in the control nTg mice. However, it is not known whether the prolonged expression of hsp70 mRNA is associated with increased neuronal survival in the brains of Tg mice. Further studies with longer ischemic duration that will produce ischemic neuronal cell death (i.e., >60 min) and hsp70 mRNA expression in both Tg and nTg mice are required to address this issue.
Mechanism of prolongation of hsp70 mRNA expression by increased CuZn-SOD
The mechanism underlying the prolonged expres sion of hsp70 mRNA in Tg mice following ischemia is not clear at present. There are several possible mechanisms underlying the prolonged expression of hsp70 mRNA in ischemic brains of Tg mice.
First, it is known that a rapid increase in hydro gen peroxide (H202) generation occurs following ischemia and reperfusion in rats (Simonsen et aI., 1993) . Also it has been shown that exogenous addi tion of H202 induces HSP70 protein in cultured as trocytes (Dwyer et aI., 1992) as well as in bacteria (Morgan et aI., 1986) . It is likely that the increased H202 levels following reperfusion may, at least in part, play a role in activation of the hsp70 gene. A higher level of H202 is produced in the brains of SOD-Tg mice than in normal nTg littermates under normal physiologic conditions (Przedborski et aI., 1992) . Thus, in Tg mice following ischemia, in creased endogenous SOD activity may allow for greater production of H202, which could subse quently induce prolonged expression of hsp70 mRNA. However, the threshold of H202 level for hsp70 mRNA expression is unknown at present. Because H202 is readily converted to H20 and O2 in brain by glutathione peroxidase and catalase, it is predictive that a much higher level of H202 is nec essary to activate the hsp70 gene. Under normal physiologic conditions, no hsp70 mRNA expression was induced in Tg mice, despite a relatively higher H202levei produced. These data suggest that H202 may not be the only factor in the prolonged expres sion of hsp70 mRNA. We speculate that an elevated level of H202, if it exists in ischemic Tg brains, may be only one of the many factors involved in hsp70 gene activation. Further studies using transgenic mice overexpressing both SOD and glutathione per oxidase or catalase or a "knock out" SOD-1 Tg mouse may allow us to elucidate the exact role of H202 in the induction of hsp70 mRNA and ischemic brain injury. The second possibility for the prolonged expres sion of hsp70 mRNA in the cortex and in the CAl areas of the hippocampus may be related to pro longed activation of the hsp70 gene and/or in creased stability of hsp70 mRNA in areas where oxidative stress is minimal. It is well known that oxidative stress causes DNA damage (Floyd and Carney, 1992) and that reductions in oxidative stress in ischemic Tg brain tissues may reduce DNA damage. A similar situation can also be applied to the stability of hsp70 mRNA in the brains of Tg mice. Of course, these are speculations, because the half-life of hsp70 mRNA in both normal and ischemic brains is unknown. Nevertheless, these speculations are supported indirectly by the obser vation that the dorsolateral cortex and the hippo campal CAl areas, which exhibited prolonged ex pression of hsp70 mRNA in Tg mice, are the same areas that contained high levels of CuZn-SOD mRNA and immunoreactivity of human CuZn-SOD protein (data not shown). Another alternative ex planation for the prolonged expression of hsp70 mRNA in dorsolateral cortex and hippocampal CAl at 12-24 h postischemia in Tg mice may be that there is a much greater intensity in the initial ex pression of the mRNAs followed by a slow degra dation in these brain regions. Further studies are needed to address these possibilities.
A final possibility is that the alteration of cerebral blood flow may affect the expression of hsp70 mRNA in Tg mice. In our ischemic model, cerebral blood flow (CBF) is supposed to be most severely reduced in the lateral segment of the caudate puta men, whereas the decrease in CBF may be minimal in the ipsilateral cortical surface, hippocampus, and thalamus (Nagasawa and Kogure, 1989) . Although our data have shown the lack of a significant differ ence in CBF between control nTg and Tg mice in the cortex (Fig. 5 ), this does not exclude a differ ence in CBF in other deep regions including hippo campus and thalamus. Since the expression of hsp70 mRNA is likely to be affected by the degree of the severity of the regional flow, it remains to be seen whether there is a good correlation between prolonged expression of hsp70 mRNA and lower blood flow in hippocampus and thalamus. How ever, the lack of flow difference in the cortex leads us to believe that the prolonged expression of hsp70 mRNA in Tg mice may not relate to differential alterations of CBF.
Function of HSP70 protein
The function(s) of HSP70 proteins following isch emia and reperfusion has been the subject of inten sive investigation. Whereas Gonzalez et al. (1989) proposed that HSP70 proteins serve as markers for injured neurons, others have provided indirect evi dence that HSP70 proteins may provide neuronal protection against ischemia. Pelham (1986) has shown that HSP70 proteins bind to partially dena tured proteins and prevent further loss of, tertiary structure of these proteins. Riabowol et al. (1988) found that heat shock is lethal to fibroblasts micro injected with antibodies against HSP70 protein. In recent reports, moreover, sublethal ischemia suffi cient to induce HSP70 proteins protects brain cells against subsequent cerebral ischemia (Kirino et aI., 1991; Kitagawa et aI., 199 1; Liu et aI., 1992) . One major question remaining to be addressed is whether prolonged induction of HSP70 protein is closely correlated with prolonged expression pat tern of hsp70 mRNA in Tg mice following ischemia. Unfortunately, this question can not be addressed at the present time because the antibodies used against HSP70 protein are made in mice. A modifi cation of the primary antibody using biotinylation has been attempted without satisfactory results due to an extremely low yield of the modified antibodies (Kinouchi and Sharp, data not shown). Neverthe less, we have demonstrated that both transcription and translation of the hsp70 gene occur simulta-neously in neurons and glial cells following cerebral ischemia and reperfusion in rats, except a transla tional block in areas destined to infarction. These data lead us to believe that prolonged expression of hsp70 mRNA without brain cell damage could ac tually result in the prolonged induction of HSP70 protein. The significance of the prolonged hsp70 mRNA in cerebral cortex and hippocampal CAl is not known at present. Our recent studies, as well as those of others, showing that induction of HSP70 protein provides neuronal protection against cere bral ischemia/reperfusion, concomitant with our finding that prolonged expression of hsp70 mRNA is most pronounced in the hippocampal CAl, the region most vulnerable to ischemia, may indicate that HSP70 proteins are associated with the protec tion of brain cells following ischemia. Further stud ies with profound ischemia (i.e., >60 min ischemia followed by several days reperfusion) are in prog ress to address this fundamental issue.
